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G-protein-coupled receptors (GPCRs) are transmembrane proteins that participate in almost every physiological process, directly or indirectly. They constitute the largest class 
of drug targets in the human genome and yet eluded structural characterization for decades. High-resolution structure determination of GPCRs has undoubtedly been one of 
the key recent advances in the field of GPCR biology. In 2007, the human b2 adrenergic receptor (b2AR) was the first non-rhodopsin GPCR to be crystallized. The high-resolution 
crystal structure of b2AR resulted from a decade of effort enabled by monumental methodological innovations. Since then, a number of GPCRs have been crystallized in inactive 
and active conformations. GPCRs can be divided into six subfamilies based on their sequence homology and functional similarity. Of these, subfamilies A, B, and C encompass 
the majority of GPCRs, and there are now structures from each of these subfamilies. Taken together, these crystallographic snapshots provide extensive structural coverage of 
the GPCR superfamily and allow direct comparison of structural features across its different members.
All GPCRs display a highly conserved seven transmembrane core architecture. However, they utilize a remarkably diverse ligand binding pocket architecture and ligand-
receptor interactions. The chemical nature of the ligands bound to the crystallized GPCRs includes a covalently attached chromophore, small molecule synthetic ligands, 
peptides, a lipid mimetic, and clinically used drugs. In vivo, these ligands act as inverse agonists, partial agonists, full agonists, biased agonists, and allosteric modulators. The 
divergent chemical structure and functional attributes of these ligands are reflected in their remarkably different binding modes, which range from superficial association with 
the binding pocket to being deeply embedded in the core of the receptor. For example, the antagonist binding pocket in the CRF1 receptor differs remarkably from other GPCRs, 
and it is located very deep in the receptor core, almost in the cytoplasmic half of the receptor.
Once a ligand interacts with its target GPCR, it kicks off downstream signaling either through G-protein- or through b-arrestin-mediated pathways. Biased GPCR signaling, 
the ability of GPCRs to signal through either of these pathways, has opened up new potential avenues for therapeutics. First steps toward understanding the structural details 
of biased ligand-GPCR interactions have been provided by analysis of b1 adrenergic receptor (b1AR) bound to a b-arrestin-biased ligand Carvedilol and 5-hydroxyltryptamine 
serotonin receptor 5-HT2B bound to a b-arrestin-biased ligand Ergotamine. These structures have started to illuminate the ligand-receptor interactions that may contribute to 
generating bias at the receptor level, thereby dictating distinct signaling outcomes.
A major source of excitement with respect to structure determination of GPCRs has been the potential implications for better drug design and novel drug discovery. Interest-
ingly, several GPCRs have been crystallized in complex with clinically used drugs. These drug-receptor complexes reveal atomic details of drug binding to their target GPCRs 
for the first time and provide a framework for further fine tuning potential drug candidates.
In addition to the ligands that occupy the conventional orthosteric binding pocket, crystal structures of a few GPCRs have been determined in the presence of allosteric 
ligands as well. These ligands bind at sites remote from the orthosteric ligand binding pocket and their binding influences affinities of orthosteric ligands and downstream, signal-
ing outcomes either positively (positive allosteric modulators) or negatively (negative allosteric modulators). A particularly exciting example is the muscarinic acetylcholine M2 
receptor (mAchM2R) that is crystallized in complex with an orthosteric agonist and an allosteric modulator together.
Crystal structures of GPCRs have yielded long-awaited molecular snapshots of inactive and active signaling conformations. Visualization of ligand binding pockets at high 
resolution has opened up new avenues for structure-based novel drug design. In coming years, structure determination of GPCRs in additional activated conformations that are 
functionally distinct and high-resolution visualization of receptor-effector signaling complexes are likely to be at the forefront of research in GPCR biology. Here, we showcase 
selected GPCR structures that highlight the differences in mode of ligand binding and cover the diversity in pharmacological efficacy of bound ligands. The image displays 
representative structures from different subfamilies of GPCRs and also highlights key receptor-ligand interactions in the binding pocket.
Acknowledgments
Research in the authors’ laboratory is supported by the Indian Institute of Technology Kanpur, Department of Science and Technology (DST), and the Wellcome Trust/Department of 
Biotechnology India Alliance. Dr. Arun K. Shukla is an intermediate fellow of the Wellcome Trust/DBT India Alliance.
RefeRences
Cherezov, V., Rosenbaum, D.M., Hanson, M.A., Rasmussen, S.G., Thian, F.S., Kobilka, T.S., Choi, H.J., Kuhn, P., Weis, W.I., Kobilka, B.K., and Stevens, R.C. (2007). Science 318, 
1258–1265.
Doré, A.S., Okrasa, K., Patel, J.C., Serrano-Vega, M., Bennett, K., Cooke, R.M., Errey, J.C., Jazayeri, A., Khan, S., Tehan, B., et al. (2014). Nature 511, 557–562.
Hollenstein, K., Kean, J., Bortolato, A., Cheng, R.K., Doré, A.S., Jazayeri, A., Cooke, R.M., Weir, M., and Marshall, F.H. (2013). Nature 499, 438–443.
Kruse, A.C., Ring, A.M., Manglik, A., Hu, J., Hu, K., Eitel, K., Hübner, H., Pardon, E., Valant, C., Sexton, P.M., et al. (2013). Nature 504, 101–106.
Rasmussen, S.G., Choi, H.J., Fung, J.J., Pardon, E., Casarosa, P., Chae, P.S., Devree, B.T., Rosenbaum, D.M., Thian, F.S., Kobilka, T.S., et al. (2011a). Nature 469, 175–180.
Rasmussen, S.G., DeVree, B.T., Zou, Y., Kruse, A.C., Chung, K.Y., Kobilka, T.S., Thian, F.S., Chae, P.S., Pardon, E., Calinski, D., et al. (2011b). Nature 477, 549–555.
Shukla, A.K., Westfield, G.H., Xiao, K., Reis, R.I., Huang, L.Y., Tripathi-Shukla, P., Qian, J., Li, S., Blanc, A., Oleskie, A.N., et al. (2014). Nature 512, 218–222.
Tan, Q., Zhu, Y., Li, J., Chen, Z., Han, G.W., Kufareva, I., Li, T., Ma, L., Fenalti, G., Li, J., et al. (2013). Science 341, 1387–1390.
Wacker, D., Wang, C., Katritch, V., Han, G.W., Huang, X.P., Vardy, E., McCorvy, J.D., Jiang, Y., Chu, M., Siu, F.Y., et al. (2013). Science 340, 615–619.
Wu, H., Wang, C., Gregory, K.J., Han, G.W., Cho, H.P., Xia, Y., Niswender, C.M., Katritch, V., Meiler, J., Cherezov, V., et al. (2014). Science 344, 58–64.1712.e1 Cell 159, December 18, 2014 ©2014 Elsevier Inc. DOI http://dx.doi.org/10.1016/j.cell.2014.12.008 
